aerosol Nr datasets, but, more research is required to explore complex Nr sources and deposition processes in order to advance our understanding of anthropogenic influences on the marine nitrogen cycle and nitrogen exchange at land-ocean and atmosphere-ocean interfaces.
Introduction
Atmospheric transport and deposition of anthropogenic reactive nitrogen (Nr) to global oceans have increased considerably since the industrial revolution (Duce et al., 2008) . Due to accumulated atmospheric Nr deposition, the stoichiometric relationship between nitrogen and phosphorus in the upper North Pacific Ocean (where nitrogen is the limiting nutrient in surface ocean) has been significantly altered (Kim et al., 2011) . Such alterations may in turn impact pristine oceanic ecosystems and biogeochemical cycles. The Nr species deposited in the ocean include inorganic reduced nitrogen species (NH3 and NH 4 + ), oxidized nitrogen species (HNO3 and NO 3 − ), and organic nitrogen compounds (Erisman et al., 2002) . The depositional fluxes (both dry and wet) of atmospheric Nr to global oceans have been studied previously through models (Duce et al., 2008; Doney et al., 2010) . Recent model (Kanakidou et al., 2012) and observational (Altieri et al., 2014 (Altieri et al., , 2016 ) studies have also reported that the ocean may be a source of atmospheric WSON and NH3. Nevertheless, field observations in the (Russell et al., 1998) . Compared with those for precipitation, aerosol δ 15 N-WSON values reported in various rural regions in the United Kingdom cover a wider range (mainly caused by low values; the range covers -14.6 to +12.5‰, with medians of -2 and -5‰ for the fine and coarse mode, respectively; Kelly et al., 2005) (Fig. S1 ). Using δ 15 N, it is more difficult to identify the sources of atmospheric WSON than it is to identify NOx and NHx sources. However, the relatively uniform δ 15 N values (+2.2 to +5.4‰) of dissolved organic nitrogen (DON) in surface sea water worldwide (Knapp et al., 2005; Knapp et al., 2011) 5 enable the use of the isotope end member mixing approach for primary WSON aerosol; unfortunately, no cruises to date have undertaken parallel marine aerosol sampling and SSW δ 15 N identification.
In terms of the hemispheric wind field, the East Asian monsoon transition from winter (October to April) to summer (May to September) influences the entire East Asian region. During the East Asian winter monsoon period, strong cold air masses mobilize rapidly through north-eastern China to the NWPO; in contrast, summer monsoon air masses arise primarily from the 10 tropical Pacific Ocean (Wang et al., 2003) . Air masses originating from China in winter have been reported to contain higher concentrations of NOx and NHx than air masses arising from remote Pacific Ocean regions in summer (Kunwar et al., 2014) .
Monitoring over the NWPO at Hedo Island and Ogawasara Island also shows that the dry deposition of aerosol NO 3 − and NH 4 + varies inter-annually by a factor of 2-5 due to variable monsoon intensity (http://www.eanet.asia/). Moreover, dust storms occur frequently during monsoonal transition periods, and long-range transport in the upper-and mid-troposphere 15 through northern China to the remote Pacific Ocean (Yang et al., 2013) ; these dust plumes contain abundant crustal elements in addition to NOx and NHx (Duce et al., 1980; Kang et al., 2009) . In order to evaluate the seaward gradient of atmospheric Nr concentrations and explore the sources and fates of atmospheric NO 3 − , NH 4 + and WSON from China (which features the largest emissions of such species worldwide), we conducted cruises from China to the NWPO during spring, when the East Asian monsoon transition period occurs; cruises were complete during two different years to allow comparison.
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In this study, we measured WSTN, NO 3 − and NH 4 + concentrations, as well as δ 15 N-WSTN and δ 15 N-NO 3 − in marine aerosols collected over the ECSs and the NWPO during the spring of 2014 and 2015. The concentrations and δ 15 N of DON and NO 3 − in SSW (surface sea water, collected at a depth of 5 m) were analysed in parallel along the cruise track in 2015. The purposes of this study were (1) to investigate the spatial distributions of concentrations of various Nr species in marine aerosol from the ECSs to the NWPO, (2) to explore possible sources of atmospheric WSON in marine environments and (3) to advance 25 our understanding of atmospheric Nr transport at the land-ocean boundary and potential Nr exchanges between the atmosphere and the ocean.
Material and Methods

Sampling and background weather during cruises
Total suspended particulate (TSP) samples were collected using a high-volume sampler (TE-5170D; Tisch Environmental, 4
Inc.) with Whatman ® 41 cellulose filters during two research cruises (Fig. 1) aboard the R/V Dongfanghong II. The first cruise (Fig. 1a) spanned from 17 March to 22 April 2014 (44 samples were collected in total; detailed sampling information can be found in Luo et al., 2016) , and the second cruise (Fig. 1b) lasted from 30 March to 3 May 2015 (38 samples were collected in total; detailed sampling information, including the date, time period and location for each sample are listed in Table S1 ). To avoid self-contamination from the research vessel, the TSP sampler was installed on the top of the tower at the ship head, and 5 aerosols were sampled only during travel. More information about self-contamination from the ship exhaust can be found in Luo et al. (2016) . Both cruises were undertaken during the East Asian monsoon transition period. The 2-month average (March and April) wind streamlines at 1000 hPa over the NWPO show that the wind speed ranged from 2 to 6 m s -1 in 2014 (Fig. 1a) and from 1 to 3 m s -1 in 2015 (Fig. 1b) . In general, the wind was stronger in 2014 than in 2015 over the open ocean during the sampling periods.
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Meteorological data, including wind speed, direction, relative humidity (RH) and ambient temperature, are shown in Figure S2 for the 2015 cruise (data for the 2014 cruise are reported in Luo et al., 2016) . In the ECSs, both cruises encountered sea fog, which inevitably influenced aerosol sampling and aerosol chemistry. Because of the analogous weather conditions experienced during the two cruises, we used the techniques of Luo et al. (2016) to classify the 2015 marine aerosol samples into three types (namely, sea-fog-modified aerosol (orange triangles) collected in the ECSs, dust aerosol (pink circles), and
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background aerosol (black squares) sampled in the NWPO; Fig. 1 ) based on the meteorological conditions ( Fig. S2) , concentrations of aluminium (data not shown), and the Lidar browse images from NASA (Fig. S3) . Compared with the ECSs, which were strongly influenced by anthropogenic emissions, the NWPO (open ocean) was relatively clear. Hereafter, we define "background aerosol" as aerosol collected in the NWPO without influence from dust and sea fog during the investigation period. 20
To examine the relationships between the isotopic compositions of WSON in marine aerosol and DON in SSW, we collected SSW at a depth of 5 m (sampling locations are shown in Fig. 1b as open blue circles) using Niskin bottles during the 2015 cruise. The SSW samples were filtered using a 0.22 μm MILLEX•GP filter and kept frozen at -20 °C in 50 mL 450 °C pre-combusted brown glass tubes until analysis. for cations) equipped with a conductivity detector (ASRS-ULTRA) and suppressor (ASRS-300 for the ICS-1100 and CSRS-300 for the ICS-900). The precision was better than 5% for all ionic species. Details of the analytical processes can be found
Chemical analyses
30
in Hsu et al. (2014) . Only five of the aerosol samples contained detectable NO 2 − , and these accounted for < 1% of the WSTN.
A total of eight filters of the same type as those used to collect samples were taken as blanks. Before storage, the blank filter was placed on the filter holder, then the filter holder with the blank filter was subsequently installed in the TSP sampler on the top of the ship under the vacuum motor power-off for 5 min, after which the blank filter was retrieved.
All blank filters and aerosol samples were stored at -20 °C during the sampling periods and underwent the same extraction procedures. The data presented here have been corrected for blanks. 5
− in SSW
The SSW NO 3 − concentration was measured using a chemiluminescence method (Braman and Hendrix, 1989 
Data analysis
The concentrations of WSON in marine aerosol, which could not be measured directly (as mentioned previously), were 5 calculated using the following equation: 
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was a common and unavoidable problem (Mace and Duce, 2002; Cornell et al., 2003; Cape et al., 2011; Lesworth et al., 2010; Zamora et al., 2011) . In previous studies, data points with high relative uncertainties were excluded (>100%, Lesworth et al., 2010; Zamora et al., 2011) and the negative values were taken as zero (Mace and Duce, 2002; Cornell et al., 2003; Violaki et al., 2015) . Following previous studies, we excluded both the negative data and those with high relative uncertainties to reduce the uncertainty of mean WSON.
Reduced nitrogen (RN, i.e. NH 4 + + WSON) and the δ 15 N-RN in the aerosol were calculated via mass balance:
where [ ) of the given water-soluble nitrogen species in the marine aerosol. The average propagated standard error for RN was 9% for both 2014 and 2015, the propagated error for the calculation 7
The dry deposition nitrogen fluxes were calculated as follows:
where Ci is the concentration of a given water-soluble nitrogen species in the aerosol, and Vi is the given dry deposition velocity of the given nitrogen species. In addition to particle size, Vi was controlled by the meteorological conditions (wind speed and relative humidity; Duce et al., 1991; Hoppel et al., 2002) and underlying surface (smooth or rough; Piskunov, 2009). 5
The Vi simulated by the model varied from 0.01 to 10 cm s −1 under wind speeds from 5 to 30 m s −1 and particle size from 0.1 to 100 µm (Hoppel et al., 2002) . In our observations, wind speed ranged from 0.1 to 18 m s −1, with relative humidity ranging from 40 to 100% (for 2014 data, see Luo et al. (2016) and for 2015 data see Fig. S2 ), which was variable, thus prohibiting an accurate deposition estimate. Moreover, we did not obtain information about the size distribution. Previous studies showed that most of the NO 3 − is distributed in supermicron size (ranging from 1 to 10 µm) 10 in marine aerosol, with a small fraction in submicron size (ranging from 0.1 to 1µm). On the other hand, NH 4 + is mainly distributed in submicron size and only partly in supermicron size (Nakamura et al., 2005; Baker et al., 2010; Jung et al., 2013) , except in coastal areas with mixed pollution and marine aerosols, where NH 4 + was present in the coarse mode and NO 3 − in the fine mode (Yeatman et al., 2001 ). In our case, the weather conditions, such as fog and dust, further affected the size distribution of aerosol Nr (Mori et al., 2003; Yao and Zhang, 2012; Hsu et al., 2014) . Therefore, in this 15 study, the deposition velocities of water-soluble nitrogen species were set to 2 cm s −1 for NO 3 − , 0.1 cm s −1 for NH 4 + and 1.0 cm s −1 for WSON, which have also been widely used to estimate the marine aerosol Nr dry deposition (Nakamura et al., 2005; Jung et al., 2013; Luo et al., 2016) . However, bearing in mind, that any use of fixed deposition velocities to calculate the depositional flux of aerosol Nr may cause under-or over-estimation. (Table 1 and Fig. 2 ).
The measured WSTN concentrations in TSP varied from 21 to 2411 nmol m -3 (Table 1 and Fig. 2a and 2b ), lower than those in PM10 sampled during spring in Xi`an, China (which ranged from 786 to 3000 nmol m -3 ; , but higher than those in TSP sampled in Sapporo, Japan (which ranged from 20.9 to 108.6 nmol m -3 ; Pavuluri et al., 2015) , Okinawa
Island (which ranged from 5 to 216 nmol m -3 ; Kunwar and Kawamura, 2014) , and the North Pacific (which ranged from 1.4 8 to 64.3 nmol m -3 in May-July; Hoque et al., 2015) . This wide range of aerosol WSTN content illustrates the influence of the distance between sampling locations and emission sources (Matsumoto et al., 2014) , seasonality (Kunwar and Kawamura, ; Luo et al., unpublished data) were higher than those in land aerosol sampled during spring (23 ± 7.8 nmol m -3 in Beijing; Zhang et al., 2013) , which implies that those aerosols sampled in the ECSs were also significantly influenced by sea salt. Thus, we define the aerosol collected by ship over the ECSs as marine aerosol.
In the NWPO, higher WSTN values were observed in dust aerosol than in background aerosol in both 2014 and 2015; the dust aerosol WSTN consisted predominantly of NH 4 + and NO 3 − rather than WSON (Table 1, In our observations, the concentrations of NH 4 + and NO 3 − were higher in all aerosols in 2014 than they were in 2015
( Fig. 3a and 3b ; Table 1 ). The difference between the two years was caused by a stronger Asian winter monsoon in 2014.
Additionally, the cruise in 2014 (17 March to 22 April) occurred during a period of intensive fossil fuel combustion for heat 25 supply in northern China; in contrast, the 2015 cruise started on 30 March and finished on 3 May, during a decrease in heating demand. The influence of heating on aerosol emissions can be seen in the atmospheric aerosol optical depth over heatgenerating areas in China; for example, Xiao et al. (2015) reported that the aerosol optical depth was five times higher during background aerosol (black boxes in Fig. 3a and 3b ; Table 1 ) higher than the average concentrations (3.5 ± 3.3 nmol m -3 for NH 4 + and 2.1 ± 1.5 nmol m -3 for NO 3 − ) reported in the western Pacific Ocean in summer (blue boxes in Fig. 3a and 3b, data from Miyazaki et al., 2011 and Jung et al., 2013) , which suggests far-reaching influence of anthropogenic emissions during the monsoon transition. Moreover, concentrations of NH 4 + and NO 3 − were higher in 2014 due to the stronger Asian winter monsoon, which further supports the idea that the monsoon exerts an important role in annual and seasonal variations in marine aerosol Nr via atmospheric long-range transport.
Unlike NH 4 + and NO 3 − , WSON concentrations in the background aerosol sampled in the NWPO in 2014 (average = 12.2 ± 6.3 nmol m -3 ) were similar to those in 2015 (average = 13.3 ± 8.5 nmol m -3 ; black boxes in Fig. 3c) . In the open ocean, apart from terrestrial and anthropogenic WSON long-range transport (Mace et al., 2003; Lesworth et al., 2010) , the ocean itself is the most likely source of marine aerosol WSON. For instance, in situ observations in the subtropical North Atlantic found that aerosol WSON had strong positive relationships with surface ocean primary productivity and wind speed (Altieri et al.,
2016). Another study in the South Atlantic Ocean showed that the WSON in marine aerosol associated with high SSW chlorophyll-a was 9 times higher than that associated with low SSW chlorophyll-a (Violaki et al., 2015) . In our observations, the WSON in the background aerosol (black bar in Fig. 3c ) was significantly higher in spring than in summer (blue bar in Fig.   3c ), which is consistent with the higher SSW chlorophyll-a concentration over the NWPO in spring relative to that in summer (Fig. S6) . However, the sources of marine aerosol WSON are a complex mixture composed of primary marine organic N and secondary N-containing organic aerosol. Biogenic organic material in SSW can be injected into the atmosphere to form an ice cloud via bubble bursting at the atmosphere-ocean interface (Wilson et al., 2015) ; this is probably the primary WSON aerosol source. Volatile organic compounds emitted from the surface ocean can react with NOx and NHx in the atmosphere to form secondary N-containing organic aerosol (Fischer et al., 2014; Liu et al., 2015) .
Isotopic composition of nitrogen species
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Aerosol δ 15 N-NO 3 − values over the ECSs and NWPO in 2014 and 2015 ranged from -9.2 to +10.2‰ (Table 2 and Fig. 4a and 4b). All the observed δ 15 N-NO 3 − values fell within the ranges previously reported for atmospheric δ 15 N-NO 3 − over land (Elliott et al., 2009; Fang et al., 2011; Felix and Elliott, 2014) (Fig. S1 ). In addition, our own observations for δ 15 N-DON in SSW showed positive δ 15 N in the ECSs (varying from +5.1 to +12.9‰, with an average of +7.9 ± 2.3‰) and NWPO (ranging from +1.9 to +11.6‰, with an average of +5.7 ± 2.0‰; Fig. 6a ). At the same time, DON concentration in our observations ranged from 4.4 to 11.8 µmol L -1 (Fig. 6b) , which is within the DON concentration range reported in global SSW (Knapp et al., 2011; Letscher et al., 2013; Li et al., 2009; Lønborg et al., 2015; Van Engeland et al., 2010) . This high DON 30 concentration in SSW may be ejected into the atmosphere during bubble-bursting (Wilson et al., 2015) .
To better clarify the sources of aerosol WSON, we removed the aerosol NO 3 − and its δ 15 N effect from the WSTN and its δ 15 N-WSTN, respectively, by mass balance. The remaining NH 4 + and WSON was defined as reduced nitrogen (RN = NH 4 + + WSON). The δ 15 N-RN ranged from -11.8 to +7.4‰ for all aerosol types in both 2014 and 2015 ( 
containing organic aerosol in the atmosphere from an isotopic perspective.
Nr dry deposition and its biogeochemical role
The dry deposition of aerosol NH 4 + , NO 3 − and WSON is summarized in Table 3 . The calculated depositional fluxes of water-soluble nitrogen species in the ECSs were significantly higher than those in the NWPO (Fig. 8) . The averaged dry depositional fluxes of NH 4 + and NO 3 − in 2014 were 2 to 5 times higher than those in 2015 for all aerosol types (Table 3 ). The 25 dry depositional fluxes of NH 4 + and NO 3 − in dust aerosol were clearly higher than those in background aerosol in the NWPO (Table 3 , Fig. 8a , 8b, 8c and 8d). Comparisons of these dry fluxes with other similar studies and estimations of the contribution of atmospheric Nr deposition to primary production in the NWPO are discussed in Luo et al. (2016) , specifically for 2014;
here, we focus on the influence of atmospheric Nr deposition on the nitrogen cycle in the ocean.
The influences of atmospheric Nr deposition on the marine nitrogen cycle are obvious over long time scales. For example,
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by analysing concentrations of NO 3 − and phosphorus in sea water over the NWPO from 1980 to 2010 , Kim et al. (2010 reported that the higher N/P ratio in the upper ocean (in contrast to the deep ocean) in the NWPO was caused primarily by the accumulation of atmospheric anthropogenic Nr deposition. Another recent study found higher atmospheric anthropogenic Nr deposition to be associated with lower δ 15 N in surface sediment over the NWPO (Kim et al., 2017) , the authors also posited that atmospheric anthropogenic Nr deposition can reach as far down as the deep ocean through biological action and lower the δ 15 N in surface sediment. The atmospheric δ 15 N values for water-soluble nitrogen species in our observations (Table 2) , 14, 2679-2698, doi:10.5194/acp-14-2679-2014, 2014 .
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